A method for the collection of mammary biopsies developed previously was refined and used to study the endocrine regulation of bovine milk protein gene expression. Our surgical biopsy method used real-time ultrasound imaging and epidural analgesia to enable recovery of a sufficient quantity of mammary tissue from late-pregnant dairy cows for explant culture in vitro. The time of biopsy was critical for prolactin-dependent induction of milk protein gene expression in mammary explants, as only mammary tissue from cows nearing 30 d prepartum was hormoneresponsive. This suggests that during the later stages of pregnancy a change in the responsiveness of milk protein gene expression to endocrine stimuli occurred in preparation for lactation. This may relate to the diminution of a putative population of undifferentiated cells that were still responsive to prolactin. Alternatively, the metabolic activity of the tissue had increased to the level whereby the response of the tissue was no longer assessable using this model in vitro.
Mammary gland function is controlled by various mechanisms, all of which act concurrently to regulate the synthesis and secretion of milk proteins. For example, endocrine factors stimulate growth of the mammary gland (Topper & Freeman, 1980) and, together with paracrine influences, are essential for the expression of the milk protein genes (Topper & Freeman, 1980; Streuli et al. 1995) . Autocrine factors that are produced by the mammary gland, and which subsequently either stimulate or inhibit mammary function, also modulate the effects of endocrinestimulated milk protein synthesis and secretion (Wilde et al. 1995 (Wilde et al. , 1997 . Mammary explant culture in vitro is perhaps the most successful model to assess the regulation of milk protein genes since the tissue retains its three-dimensional architecture and is responsive to many regulatory mechanisms. In addition, it provides an isolated system in which the effects of the endocrine milieu can be tightly regulated.
Hormonal regulation of milk protein gene expression varies among mammals, but generally requires prolactin, adrenal glucocorticoids (usually cortisol) and insulin (Topper & Freeman, 1980; Vonderhaar & Ziska, 1989) .
These results are consistent with a number of studies that have used mammary gland explants from pregnant and lactating cows (Gertler et al. 1982 ; Goodman et al. 1983) , mammary acini, primary cell cultures of bovine mammary epithelial cells (MECs) and bovine cell lines (MacKenzie et al. 1985 ; Baumrucker et al. 1988; Choi et al. 1988; Talhouk et al. 1990; Gibson et al. 1991; Jung-Youb et al. 1995) to demonstrate that the casein and whey protein genes are induced in response to insulin, cortisol and prolactin.
Experiments using mammary explants from late-pregnant pigs show that tissue responsiveness to endocrine stimuli varies with the stage of pregnancy at which the tissue was obtained (Dodd et al. 1994) . However, there are no corresponding studies using bovine tissue. A limitation to this approach in cattle is the procurement of an adequate quantity of mammary tissue at specific stages of the lactation cycle. Previous biopsy methodologies have used an array of biopsy needles and tools as well as surgical removal of mammary tissue, with varying degrees of success (Plantonow & Blobel, 1962; Hibbitt, 1964 ; Oxender et al. 1971; Mellenberger et al. 1973; Byatt & Bremel, 1986; Knight et al. 1992; Farr et al. 1996) . We report here some refinements to these techniques to minimize bleeding and post-surgical oedema. The methodology facilitated collection of tissue at defined stages of the reproductive cycle of the cow rather than relying on ill-defined abattoir material. Knight & Peaker (1984) showed that mammary biopsies (5 g) from goats were physiologically representative of the whole gland and later indicated that such a procedure had little effect on current or subsequent lactations (Knight, 1987) . The depth at which tissue is collected is important because of the gradation in mammary gene expression across the gland (Farr et al. 1996) . For studies on the regulation of milk protein gene induction, biopsies from latepregnant cows (7-8 months gestation) are required. At this stage of gestation mammary gland development is pronounced yet gene expression is at low levels, thus facilitating the opportunity for studying induction or stimulation of gene expression in vitro.
We report here the importance of the timing of the biopsy procedure during pregnancy on the ability of prolactin to stimulate expression of k-casein, b-casein and b-lactoglobulin genes in mammary explants.
Materials and Methods

Experimental design
Mammary tissue obtained from six cows either before (9, 23 and 23 d) or near to 30 d prepartum (27, 31 and 32 d) was initially incubated as explants in media containing insulin (5 mg/ml) and hydrocortisone (500 ng/ml) for a 4-d equilibration period. Prolactin was then added to the media at 500 ng/ml and the explants cultured for a further 2 or 4 d.
Mammary biopsy
An epidural analgesic (0 . 04 mg/kg Xylazine in 5 ml normal saline) was administered to multiparous Holstein-Friesian cows in the seventh or eighth month of gestation while they were restrained in a crush. The lateral aspect of the dorsal third of the forequarter of the mammary gland was clipped and subjected to ultrasonic examination to establish the location of any large vessels. The incision site was infiltrated with 5 ml of 200 mg/ml lignocaine hydrochloride (Ilium, Wetherill Park NSW 2164, Australia) before a vertical skin incision (60 mm) was made. The incision continued through the subcutaneous tissue and the lateral suspensory ligament to expose the underlying mammary tissue. A 40-mm elliptical incision at a depth of 10-20 mm allowed removal of mammary tissue (5-10 g), which was immediately placed in Medium 199 containing Earles salts (ICN, Costa Mesa CA 92626, USA), 25 mM Hepes; pH 7 . 4, 200 mg BSA/ml (culture grade, Sigma, St Louis MO 63178, USA), 50 units of penicillin/ml, 50 mg streptomycin/ml (Sigma), on ice for transport. Mammary tissue closure was achieved by single interrupted sutures (1/0 (4 . 0 metric) coated Vycril, Ethicon Division of Johnson & Johnson, North Ryde NSW 2113, Australia) that occluded the majority of the smaller vessels. Larger vessels were ligated prior to closure. The lateral suspensory ligament and then the subcutaneous tissue was closed with continuous layers of sutures (2/0 (3 . 0 metric) coated Vycril). The skin was closed with single interrupted sutures (Vetaphil 0, WDT, North Ryde NSW 2113, Australia) which were removed 10 d after biopsy. Prophylactic antibiotic (20 ml procain penicillin, 250 mg/ml, dihydrostreptomycin sulphate, 250 mg/ml, Ilium) was administered i.m. immediately after biopsy. The entire process was completed within 30 min and proved equally successful for biopsy of mammary tissue from dairy cattle in peak lactation and after involution.
Mammary explant culture
Mammary tissue was transferred to the laboratory for processing within 1 h of the biopsy. Mammary tissue was dissected from surrounding stroma with fine scissors and forceps prior to preparing explants weighing approximately 1-1 . 5 mg each. During this procedure tissue was maintained in Medium 199 at room temperature. Explants (15-20) were placed on 20 mmr20 mm pieces of lens paper (Whatman No. 105 ; Maidstone ME1 60LS, UK), siliconized in 1/100 dilution of Prosil-2 (PCR Inc, Jacksonville FL 32602-1466, USA) and baked for 3 h at 150 8C. The lens paper was floated on 3 ml of medium in 35-mm culture dishes and incubated at 37 8C in an atmosphere of 5 % CO 2 in air. Medium was changed daily and tissue was collected at the indicated times and frozen in liquid nitrogen and stored at -80 8C for analysis.
Analysis of gene expression
Specific milk protein cDNA for bovine b-lactoglobulin, kcasein A and b-casein cloned into pBR322 (Alexander et al. 1989 ; Stewart et al. 1984 Stewart et al. , 1987 was labelled with digoxigenin by polymerase chain reaction (PCR). Each 50-ml reaction contained 100 mM-dNTP, 10 mM-digoxigenin-11-2k-deoxy-uridine-5k triphosphate, 20 mM-(NH 4 ) 2 SO 4 , 75 mM-Tris-HCl pH 9 . 0, 1 ml/l Tween, 4 mM-MgCl 2 , 2 . 5 units of DNA polymerase, 120 pM each of pBR322 specific primers (forward ; 5k ATCCGCCTCCATCCAGTCTA 3k and reverse; 5k AACGACGAGCGTGACACCAC 3k) which annealed to either side of the Pst I site located in the multiple cloning site, and 50 ng of plasmid template. PCR consisted of a 94 8C for 60 s denaturing step followed by 30 cycles initially of 94 8C for 5 s, 65 8C for 5 s and 72 8C for 30 s. Every second cycle, the annealing temperature decreased by 1 8C until it reached 55 8C at which temperature it remained for 10 cycles. Probes were purified by ultrafiltration, using Centristart-C4 microconcentrators (1 000 000 MWCO ; Sartorius; Gottingen D-37070, Germany), checked by electrophoresis in a 10 mg/ml (1 %) agarose TBE (45 mM-Tris borate, 1 mM-EDTA ; pH 8) gel and quantified by dot-blot analysis using digoxigenin-labelled control DNA following the manufacturer's instructions. The b-actin digoxigenin-labelled probe was purchased from Roche Diagnostics (Castle Hill NSW 2154, Australia).
Total RNA from lactating tissue, from tissue obtained and stored at the time of each biopsy (time 0 tissue) and explant-cultured tissue was isolated using TRI Reagent Õ (Sigma), subjected to electrophoresis on a 12 mg/ml (1 . 2%) formaldehyde agarose gel and transferred by capillary action in 3 M-NaCl, 300 mM-sodium citrate (20rSSC) to positively charged nylon membranes (Roche Diagnostics). The membranes were pre-hybridized for 45 min at 68 8C and hybridized for 1 h at 68 8C in Expresshyb (Clontech, Palo Alto CA 94303, USA) containing digoxigenin-labelled probe (5 ng/ml). Membranes were washed twice in 2r SSC ; 1 mg/ml sodium dodecyl sulphate (0 . 1 % SDS) for 15 min at room temperature and twice in 0 . 1rSSC ; 0 . 1% SDS at 68 8C for 15 min. Chemiluminescent detection was carried out according to the manufacturer's instructions (Boehringer Mannheim, 1993) . The level of mRNA was quantified using slot-blot analysis and hybridized and analysed as described above. Membranes were exposed to X-ray film (XOMAT; Eastman Kodak, Rochester NY 14650, USA) which was then scanned on a ScanJet 3C, with Deskscan II software (Hewlett-Packard, Palo Alto CA 94394, USA) and analysed by NIH Image as described by Kruger & Williams (1995) . The amount of digoxigeninlabelled DNA that hybridized was linear from 0 . 5 to 10 mg of total RNA. A sample of total RNA (1 mg) from bovine mammary tissue in mid-lactation was blotted onto each membrane together with RNA isolated from mammary explants. All values for milk protein gene expression following experimental treatments are presented as a percentage of the value obtained for the RNA from the same sample of mid-lactation mammary tissue. Coefficients of variation for k-and b-casein, b-lactoglobulin and b-actin for duplicate samples from lactating control samples were 4 . 8, 11 . 0, 2 . 0 and 8 . 0%, respectively. Comparison between mean responses of milk protein gene expression to endocrine stimulation were analysed by one-way ANOVA using SPSS software (SPSS Australasia, North Sydney NSW 2060, Australia).
Results
Mammary gland biopsy
Use of real time ultrasound imaging enabled the initial incision in the udder to avoid the majority of superficial and deeper blood vessels. Rapid haemostasis allowed good access and visibility of the underlying mammary tissue, which was distinct in colour and texture from surrounding viscera. Twenty-four cows were biopsied, and the procedure resulted in little haemorrhage and oedema, although differing degrees of fibrosis surrounding the incision were observed subsequently in all cases. Postoperative infection was negligible after prophylactic antibiotic administration and cows were unaffected by the biopsy procedure. The average weight of biopsied tissue was 7 g (maximum of 10 g), and Haematoxylin and Eosin staining of sectioned tissue indicated that a large proportion of the sample was functional mammary tissue suitable for mammary explant culture. These procedures met the ethical guidelines established by the University of Sydney Animal Ethics Committee.
Milk protein gene expression
Levels of k-and b-casein and b-lactoglobulin mRNA accumulation increased up to 10-fold in mammary tissue collected progressively from 32 to 10 d prior to parturition (Fig. 1 ). In contrast, the level of b-actin gene expression declined by a similar magnitude over the same period. At 15 d prior to parturition accumulation of the specific milk protein gene mRNA had reached levels that exceeded those observed in the positive control sample recovered from a cow in mid-lactation.
Mammary tissue explants from biopsies collected from each of the three cows between 23 d prepartum and parturition (days 9, 23 and 23 prepartum) were cultured for 4 d in media with insulin and hydrocortisone alone, prior to the introduction of prolactin for an additional 2 or 4 d. The initial elevated level of k-casein mRNA in mammary explants fell markedly in the first 4 d of culture in media with insulin and hydrocortisone and remained at low levels to day 8 (Fig. 2) . Introduction of prolactin into the culture medium at day 4 did not stimulate k-casein gene expression in mammary explants during the subsequent treatment period. These responses were similar for b-casein and b-lactoglobulin gene expression (Fig. 2) . The level of b-actin mRNA was maintained during the 8-d culture period, irrespective of the hormone treatment (data not shown), indicating that the tissue remained viable. In contrast, experiments using the same experimental design carried out on tissue biopsied from cows nearing 30 d prepartum showed that the level of k-casein mRNA in the tissue at the time of biopsy was < 50 % of that in tissue collected closer to parturition. As with the former experiment, Following a 4-d equilibration period in insulin (5 mg/ml) and hydrocortisone (500 ng/ml), one half of the explants (#) were maintained in insulin and hydrocortisone for an additional 2 or 4 d, whilst the other half of the explants ($) were incubated in insulin, hydrocortisone and prolactin (500 ng/ml), for the subsequent 2 or 4 d (see arrow).
Values are means ( ± SEM) of three experiments, each conducted on tissue from a single animal. *Significant difference between means (P < 0 . 05) the level of k-casein mRNA in mammary explants declined during the first 4 d in culture with insulin and hydrocortisone. In contrast, however, the addition of prolactin to medium on day 4 of culture resulted in a 3-fold and a 6-fold increase in k-casein gene expression on days 6 and 8 of culture, respectively (Fig. 3) . This level was more than double that in tissue at the time of biopsy. Similar trends were observed when explants were analysed for b-casein and b-lactoglobulin gene expression, although the magnitude of change of gene expression differed between genes (Fig. 3) .
Discussion
We modified the mammary tissue biopsy technique to prepare sufficient mammary tissue explants to study the endocrine regulation of milk protein gene expression. Both the anaesthesia and the surgical intervention resulted in minimal disturbance of the normal progression to parturition, and the use of real time ultrasound imaging minimized bisection of larger blood vessels during the surgical procedure. Use of non-absorbable suture material (Vycril) allowed increased tension to be applied on sutures, which resulted in less dead space between layers of viscera, thereby minimizing oedema. This material was also used to suture the incision in the lateral suspensory ligament, thus diminishing future udder attachment problems. The rapid recovery of the mammary gland from this procedure is similar to that reported for bovine biopsy collection by Knight et al. (1992) , but contrasts with the longer period of recovery from the biopsy method of Hibbitt (1964) . Collection of tissue from cows at specific time-points relative to calving allowed us to assess the time-course of the progressive development of casein and whey protein gene expression during the final 30 d of pregnancy (phase 1 lactogenesis). The level of expression of k-and b-casein genes approached linearity whereas the expression of the b-lactoglobulin gene appeared to have reached a plateau by 15 d prepartum. Curvilinearity in the developmental expression pattern of the b-lactoglobulin gene approaching parturition may be due to either inherent variability between animals or differences in the development of expression between b-lactoglobulin genotype (Bovenhuis et al. 1992) . Alternatively, an acceleration in the timing of expression of the b-lactoglobulin gene, in relation to the other milk protein genes studied, may relate to the need for the expression of the range of reported biological activities residing within this protein (Alston-Mills, 1992 ; Perez & Calvo, 1995) . The decline in b-actin gene expression over the time-course of the collection of tissue samples for these studies is most likely due to a decline in the rate of proliferation and differentiation of mammary epithelial cells as the predominance of cells commence expression of milk proteins. A similar inverse relationship between milk protein and b-actin gene expression occurs in murine and bovine mammary tissue at involution (Wiens et al. 1992) .
The ability to recover and further stimulate the expression of casein and whey protein genes in vitro by the addition of prolactin in the presence of insulin and cortisol reported here is consistent with other studies using mammary explants from pregnant or lactating cows (Gertler et al. 1982; Goodman et al. 1983 ), or mammary acini, primary cultures of bovine mammary epithelial cells and bovine cell lines (MacKenzie et al. 1985; Talhouk et al. 1990; Gibson et al. 1991; Jung-Youb et al. 1995) . These latter studies are consistent with the current observations using tissue biopsied around 30 d prepartum, but contrast with the results observed when tissue biopsied at less than 23 d prepartum was examined for prolactin-responsiveness in milk protein gene expression. Similarly, Wheeler et al. (1995) report that the lactogenic complex of insulin, hydrocortisone and prolactin fails to rescue milk protein gene expression in primary mammary epithelial cell cultures from lactating sheep.
The finding that the timing of biopsy collection prepartum was critical for prolactin-dependent stimulation of milk protein gene expression in mammary explants may be interpreted in a number of ways. It may indicate the inability of the mammary explant culture system to meet the nutrient requirements for milk protein gene expression in tissue that is approaching its peak of metabolic activity. Alternatively, an endocrine or paracrine factor, presumably associated with pregnancy or parturition, may be responsible for the ineffectiveness of prolactin to reverse the loss of gene expression in mammary tissue biopsied at less than 23 d prepartum. Candidates include oestrogen (Delouis et al. 1980) , progesterone (Cowie et al. 1980 ) and placental lactogen (Forsyth, 1996) , all of which are able to coordinate mammary development with stage of gestation. Mammary autocrine inhibitors of lactation may also suppress this prolactin-induced recovery in gene expression up to the point of parturition (Politis et al. 1992 ) to coordinate the commencement of milk expression with the delivery of the calf. Clearly the mechanism of regulation of milk protein gene expression prepartum is likely to be more complex, involving both growth factors, their binding proteins and interactions with subtending stromal cells and the extracellular matrix components associated with the interaction with the mammary epithelium. Elucidation of the mechanism associated with the time-dependent changes in milk protein gene expression in vitro will require the use of either differential gene display or a functional genomics/proteomics approach to identify the causal factors.
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